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X.  INTRODUCTION 


+  2  2  + 

The  Meinel  band  tvstem  of  N?,  A  fl ^  -  X  “Xg  ,  was  first  identified  in 

auroral  spectra*  and  has  since  been  the  subject  of  numerous  studies^  of  auroral 

+  2 

emission  features  because  of  its  strength  and  possible  population  by  O  (  D) 

2^  ^  J  r 

charge  exchange  '  with  N?(X  £. g).  Accurate  measurements  of  the  lifetimes 

for  vibrationai  levels  v*  -  2-5  have  recently  been  reDorted  by  Holland  and 
4  5 

Maier  ,  for  v‘  '  9  by  Maier  and  Holland,  and  for  levels  v*  "  i-6  by  Peterson 

and  Moseley^  (pr  ceding  paper).  There  is  excellent  agreement  between  the 

two  sets  of  measurements  i^r  those  levels  which  were  measured  in  both  exper- 

4  6 

iments.  The  pape.-s  b/  Holland  and  Maier,  and  by  Peterson  and  Moseley 
contain  a  discussion  of  the  earlier  lifetime  measurements  and  the  comparison 
with  their  new  results.  The  recent  theoretical  paper  on  electronic  transition 

7 

probabilities  by  Popkie  and  Henneker  contains  an  excellent  bibliography  of  the 
other  experimental  work  which  has  ceen  done  on  the  Meinel  band  system. 
However,  many  of  the  basic  properties  relating  to  the  Meinel  system  such  as 
the  population  mechanisms  and  quenching  cross  sections  are  still  unknown, 
which  makes  the  interpretation  of  atmospheric  processes  involving  this 
system  somewhat  uncertain  - 

Most  of  the  previous  attempts  to  extract  the  internuclear  dependence 

8  9 

of  the  band  strength  of  the  Meinel  system  from  auroral  intensities  or  labor¬ 
atory  relative  intensities***  have  been  unsuccessful  because  of  the  long  life¬ 
times  for  the  levels  of  the  A-state  and  the  presence  of  overlapping  bands  from 

4 

the  First-Positive  band  system.  Holland  and  Maier  obtained  some 
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information  about  the  internuclear  dependence  over  a  small  wavelength  interval 

7 

from  their  molecular  beam  measurements.  Popkie  and  Henneker  combined 

11  12 

the  lifetime  measurements  of  O'Neil  and  Davidson,  and  of  Hollstein  et  al, 

13 

with  the  intensity  measurements  of  Stanton  and  St.  John  to  estimate  the  trans¬ 
ition  moment  dependence  on  internuclear  distance.  However,  the  lifetimes  of 
the  levels  of  the  A- state  were  not  well  enough  known  at  the  time  they  did  their 
work  for  them  to  estabi/gh  the  correct  absolute  value  or  the  dependence  over 

an  extended  range  in  the  internuclear  distance.  Popkie  and  Henneker  also 

8b 

reported  ab  ?ni<io  calculations  of  the  transition  moments  obtained  by  employ¬ 
ing  Hartree-Fock  wave  functions. 

4 

In  this  paper,  the  new  lifetime  measurements  of  Holland  and  Maier, 

5  6 

Maier  and  Holland  and  Peterson  and  Moseley,  have  been  used  to  extract 
the  transition  moment  and  its  dependence  on  internuclear  distance.  The  data 
were  analyzed  by  expanding  the  electronic  portion  of  the  molecular  dipole 
strength  as  a  polynomial  in  the  internuclear  distance,  rather  than  applying 
the  r-centroid  method  to  the  square  of  the  transition  moment.  This  procedure 
results  in  a  non-linear  relationship  between  the  lifetime  data  and  the  param¬ 
eters  characterizing  the  transition  moment,  but  is  necessary  in  order  to  obtain 
results  which  can  be  compared  to  theory  The  resulting  band  strengths  are 
considerably  different  from  those  obtained  previously  by  others.  In  addition 
to  providing  accurate  transition  probabilities  and  oscillator  strengths  for  the 
Meinel  band  system,  these  results  can  be  used  to  obtain  reliable  values  for 
transition  probabilities  from  levels  v'  =  0  and  9,  and  hence  their  lifetimes, 
lor  which  no  experimental  data  exists. 
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II.  THEORY 


A  thorough  discussion  of  the  theory  of  molecular  electronic- vibrational 

14 

transition  probabilities  is  given  by  Henneker  and  Popkie  in  paper  I  of  their 
series  dealing  with  the  calculation  of  transition  probabilities  in  diatomic  mole¬ 
cules,  and  the  relationship  of  these  molecular  properties  to  absolute  rotational 
line  intensities  is  discussed  by  Tatum^a  and  by  Schadee.  As  the  latter 

authors  point  out,  there  have  been  inconsistencies  in  some  of  the  previous 
work  with  regard  to  the  normalization  of  the  rotational  line  strength  factors. 

The  derivation  of  the  band  transition  probability  from  that  for  the  individual 
rotational  lines  is  therefore  summarized  below  using  the  normalization  recently 
*  ’yeesred  by  Schadee,  ^  and  the  form  of  the  band  strength  for  the  case  of 
electronic-vibrational  coupling  is  discussed. 


The  transition  probability  describing  a  spontaneous  transition  from 


an  upper  (/”')  to  a  lower  (  single  rotational  state  can  be  written  (atomic 

..  .  14,  16 

units)  as 


rr 


4e4 

~ri — r 

3c  a  m 
o  e 


AE 


r'  r"  (2j'  + 1) 


(i) 


In  Eq.  (1),  the  energy  separation,  A  Er.,  ,  and  the  line  strength,  /3  , 

•  '  II 

17 

are  in  atomic  units.  By  convention,  the  upper  state  quantities  are  denoted 

by  single  prime  and  those  for  the  lower  state  by  double  primes.  The  quantity 

17b 

aQ  is  the  Bohr  radius,  and  the  others  have  their  usual  mean.ng.  Denoting 
the  electronic,  vibrational  and  rotational  quantum  numbers  by  n,  v  and  J, 
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respectively,  and  the  spin  and  parity  substates®a’  ^  by  £  and  p,  thenSp,p„ 
is  the  dipole-length  form  for  the  line  strength  of  the  transition  between  single 
rotational  states  /',  =  n'v’  £  p'J'  and  T"’1  s  n'V'  £  p"j".  It  is  usually  a  good 

approximation  to  neglect  the  interaction  of  the  rotational  motion  whh  the 
electronic -vibrational  motions,  in  which  case  the  total  line  strength  can 
be  factored  into 


X.  .. 

rr 


v  £  Icn  n,v,£,,p"  I  2 
=  X  p,,J”  PS»  r  n vsy  I  _ 


'2  p'J* 


<2  +1> 


lz,,p,,J” 

’s'  P*J’ 


C-*  v 

Oil 

n  v 


(2) 


(2  -  fio,  A)(2S‘  +  1) 


The  first  factor  on  the  right-hand  side  of  Eq;  (2)  is  the  Honl-London  factor, 
nornr  -»lized  so  that*^ 


LEE 

j"  zfr'p'p" 


qEV'J" 


(2  -60tS)(2S'  +1)  (2J1  +  1) 


(3) 


The  symbol  Xis  the  least  of  die  quantities  A*  and  A"  involved  in  the  transition, 

and  has  been  defined  this  way  to  insure  that  the  line  strength  has  the  desired 

properties.  If  the  transition  involves  a  E -state,  (2  ~  bQ  =  1>  hut  it  equals 

2  for  all  other  transitions.  The  second  factor  in  Eq-  (2)  is  the  electronic- 

vibrational  band  strength,  summed  and  averaged  over  the  final 

and  initial  degenerate  levels,  respectively.  The  degeneracies  have  been 

1  o 

taken  to  be  the  parity  and  spin  substates,  which  is  termed  by  Schaddee 
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the  "electronic -vibrational  degeneracy  concept,  "  in  which  the  transitions  are 
between  (nv  £  p)  substates,  irrespective  of  the  specific  rotational  transitions 
involved-  The  quantity  S^,  ,  ,  appearing  in  the  second  factor  in  Equation  (2), 
is  customarily  called  the  band  strength^*.  Because  of  the  factorization  in 
Equation  (2)  and  the  normalization  of  the  Honl- London  Factors,  the  transition 
probability  between  two  electronic  -  vibrational  states  simplifies  to15  (atomic 
units) 


.n"v" 
A  i  i 
n  v 


4e 

,3  3  F 
3c  am 
o  e 


AE 


sV, 

n  v 


(2  *  fto,A’>  (2S‘  +  1) 


(4) 


and  in  cgses  units,  is 


.n"v"  _  64  7T 
A  i  |  ■ 

nv  3h 


3 

V  ,  , 
v  v 


cn"v" 

n'v' 


(2  -  Jbf A.)  (2S‘  +  1) 


(5) 


where  is  the  energy  separation  between  (n'v')  and  n"v")  in  wavenumbers 

(cm  *).  These  transition  probabilities  are  independent  of  the  initial  rotational 
state  because  of  the  assumption  stated  earlier  of  no  coupling  between  the  rota¬ 
tional  and  the  electronic-vibrational  motions- 

The  band  strength,  Sn,V,,,  defined  here  in  Equation  (2)  to  include  the 

n'v 

summation  over  the  parity  and  spin  substates,  is  the  fundamental  quantity 

that  characterizes  the  electronic -vibrational  transition.  It  can  be  written 

14 

in  many  equivalent  forms  by  using  the  commutation  relations  between  the 
position  coordinates  and  their  conjugate  momenta.  The  approach  employed 
here,  however,  utilizes  just  the  dipole-length  formulation  because  that  is  the 
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1  K 

form  most  frequently  employed  in  the  interpretation  of  experimental  data. 

The  natural  lifetime,  r  ■>  of  any  particular  vibrational  level,  v*,  of 

’  _»• 

the  excited  electronic  state  is  related  to  die  decay  constant,  A  ,  „  by 

2  V 


_L  =  s 

V  n'v‘ 


E  • 

v«.  n  V 


and  the  absorption  band  oscillator  strength  is  given  by 


n'V*  2  «*V‘ 

i  —  AE  «  B|  O  *  - 

n  v  2  v  v  n  v* 


(atomic  units)  (7  ) 


8  m 


i  Pv'v" 


_nJV’ 

nS,' 

(2  -  ft  a")(2S"  +  1) 


(cgses  units)  (8) 


The  analysis  of  experimental  data  to  obtain  information  about  the 

electronic-vibrational  interaction  has  been  the  subject  of  a  good  deal  of  research 

the  past  few  years,  with  die  majority  of  the  discussion  centered  around  the  use 

18  19 

of  the  r-centroid  approximation-  *  This  approximation  was  introduced  to 

quantitatively  account  for  the  fact  that  die  electronic  portion  of  the  transition 
8b  . 

moment  varies  with  internuclear  distance  for  many  transitions  in  diatomic 
molecules-  This  method  of  dealing  with  electronic -vibrational  coupling  is 
generally  successful  from  an  empirical  standpoint,  but  has  been  criticized^ 
because  of  its  weak  theoretical  foundation  and  die  difficulty  of  interpreting  the 
r-centroid  as  an  average  internuclear  distance.  Employing  the  matrix  notation 
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ita  tabicb  case  Ea-  8*55  becomes 


cnrV“- 
raV* 


*  a  <va|v"’>*  aij  <v8  |aj  w->  *  |K2f  «->  * 


2©c 

As  emp&asized  by  Ktemsdal,  feas  latter  approach  net  only  is  fret  off  fee 

assttmptiioms  incorporated  into  eat  r-cenlrcad  approximation,  which  Eaave  beta 
2® 

sBsoassa  to  fail  ia  some  cases,  bat  also  permits  a  narect «.  ©mparisca  off  fee 
obtained  transition  moment  wife  feat  predicted  by  feeory- 

!Hs  approach  off  aatilizing  an  espan sicca  in  terms  off  matrix  elements 

<cj 

rafeer  fears  fee  r-cent reed  Baas  been  employed  by  Jain  and  Sahai“  *  and  by 

7 

PoaSvie  and  Kenne&er  Era  feeir  analyses  off  intensity  data  to  cbtaara  fee  inter- 
ntaclear  dependence  off  fee  transItHcn  moment;  and  Baas  also  been  esed  an  fee 
present  analysis  off  fee  lifetime  data. 
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HI.  KD1MER1CAI.  TECHKSQH5ES 


Tfcu.  esEractaffle  off  the  iammmc&eav  «£s garste  afepesaSg-ace  off  cae  ozamsi- 
fliera  cncnnieaE  from  Biffedme  data.  reepdres  tfse  scBedoca  off  a  rsooliraear  proMesss 
«&era  easing  either  she  r-ceasr«!i4  apprcaansalnota  or  che  nsaerix  2ppjn®adb.  TTfeis 
is  because  the  BiffeEsriae  is  related  to  a  stem  off  EgansiEieea  profrabilides,,  Ess-  (6), 
which  sr?  prcpordswiaB  eo  she  scaare  off  Ehe  nransaEiota  nmswnienE;  and  hence  ese 
linearly  related  E©  ehe  nc&tutuaEa  ctoeffiacreeGS:-  This  is  in  conErass  e©  anteasiay 
data,  which  are  proportional  so  a  single  flransadcm  proEaaSaliEy,  and  which 


allow  set  construction  tuff  a  linear  relasaoiashlp  beaweer.  she  daaa  and  ehe 
Eransado®  mocmeiaE  alseiff  by  EaSts<rg  dee  square  root  off  bosh  sides  off 
Elbe  appropriaEe  equadesa  The  method  employed  in  Ehis  sStady  to  determine 
she  Eransa»i«n  moment  was  Ehe  foISowiEg-  Combining  Sgs-  (8-5),  (3)  (©!, 

she  relationship  oetween  she  lifetime  and  See  transition  moment  bececmr- 


I  _  64  ” 
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The  unknown  parameters,  a-,  were  determined  by  minimizing  the  weighted  sum 
of  the  squares  of  the  residuals,  X2,  defined  by^* 


*■ '  1 1?  It  "fll  ■ 


(16) 


where  the  o.  are  the  uncertainties  (standard  deviations)  in  the  data  (l/y;), 

N  is  the  number  of  data  points,  and  the  A?  are  the  calculated  decay  constants. 
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Is  Is  EMSfistiS  feafi.  besaese  ©if  fee  inverse  reBasIctssEsIp  beswatsa  fee  BBffe&Ime  a=*B  fee 
Sec&v  ccmszzas&n  e^csa!  cncersalnsles  In  all  fee  tseasarei  Biffetunses  Leccese 
eneepaal  csM-cffEalntBics  In  fee  circay  ccnsfenss  ansi  therefore  «ary  ffrccn  cos'  vlbra- 
taonaS  Bevel  to  arsofeer- 

Ifhe  scBenlcn  cff  fee  nonlinear  eajaadcn  JI5S  taa  obtain  fee  pa rarmeters 

ffruscsa  fee  meas-ored!  luffetSEaes  was  acccnrapBIshedi  by  necrtg  fee  differencial 

22 

corrector*  ©r  Innearizasicca  prarcefesre-  TSie  essence  ©S’  fels  mefecci  Is  fee 
Tayl©rfls  series  espansacn  off  fee  ffbntiaeca  which  con  sains  fee  parameters,  In  fee 
rasaSawwra  parasne aer s,ans3  fee  ressm  tiers  ©ff  terms  ferccagjh  fee  firsa  cJerlvasives . 
TiEsIs  approach  resales  In  ccse  etepasicta  far  each  rr— ^rjarr»  parameter*  which  Is 
sdBl  nffidlnear  In  feafi  parameter,  fontt  is  new  linear  In  fee  change  in  featt 
parameter-  Iff  feere  are  B  parameters  to  be  determined,  feen  fee  resdslng 

equaaiccas  for  fee  change  In  fee  parameters  earn  foe  rearranged^  Into  fee 
maisfz:  form 
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toSaere  Cisa  ssrnmeErne  nnatari.'s,  A  »  is  tfee  (decay  cesstteag  for  Eerell  v%  caBcra- 
laiC*r5  wish  the  asssnaiad!  s».al!as&  for  tie  parameters,  fen  ss  nh*.  cEacge  in  the 
parameter,  a»3  23  ,  -  J—  |  A_  „  -  ~  1  is  the  weigEsed  resw&saE  caEcc Bated!  Star 
Sewell  or  witn  £h*  axaiimeeS  pararr-ete as  -  UlLe  scSatrctas  ®f  cht  matrix  eflgeatiffici  fi07B 
.art  tie  ellutryjes.  t»  the  pagagneEic«rx  &  Ci_?„  arad  Stntssst  t&ssse,,  a  sew  fcaaosBaygd  esfi- 

ft  " 

macs-  for  she  parameters  can  be  caScraBatecS 

=  a-  &  fiaa  «i  -I,---,  3S  -  |B$) 


imprain er£  estimators  for  the  p.». raffiaeCers  *~gn  again  fee  inserted!  into  Ea. 
Sla'S  and  tot  psottdjjrc;  £.5  scluacg  for  r£y>-  cEsnge  in  tie  oaramete&JF  repeated 


cneia  At  ^  the  parameters  Evas  decreased  Da  an  acceo>2.- 

a£%  Bon  Beset-  Sicnt  ^re  c-ns-3  be  exercised  in  tie  cboosirg  ©I  Ebe  initial 
nc^tsst*;  i*jz  sx^c  sto-vi  pagaa — eltrs  to  insure  convergence  to  the  tree,  rather 
E2^en  <*  BocaS,  minm-am  an  *  -  It  was  iocnS  fiaafi.  reasonable  initial  jgcesses  Son 
aic  nocSineas  parameters  ««*  obtained  by  firs  a  solving  the  Blnear  problem 
•craned  Sipandisg  In*.  *aoc  strength  itself  {§-£-,  she  sqaare  of  the  transition 
moment)  <ic<s>rt2s  _  ?».•  fvc  r— ceat^Hiid  app rtazimanosi 


5=.  V  - 

B  V 


Jcn  ~°s  r  ...J  . 

*  V  *2  a  V  V 


(19) 


where  n  ,  „  is  She  rr»cck -Condon  factor,  r  ,  «  is  the  r-centroid,  a-atf  a  and©, 
were  determined.  In  Skis  *^tse  she  unknown  parameters  {©.)  are  linearly  related 
to  the  data  points  and  _an  be  obtained  by  a  straightforward  application  of  the 
least  squares  metl  e«i-  Initial  estimates  for  the  unknown  parameters  (a)  in  the 
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•tflasStc&esr  pnveSiSescfl  were  ffifiafelaerfi  Srnsra  fee  tzLo&s  asf  <sr  a>.  sa  Ei»_ 

@  E  J 

accflsrrfSej"  ns 


F sr«£at&^Ogta&^  fuics® rss  g  -scaasggccgis  expire  caSceS-aCfttfl  gna^gg&<c^Bfly  "*  £g<cna 

SKK  pcscenEset  energy  cnnres  gbsatreti  frcm  specta  sscffisncc  eSata.  ©ta  J-L,  prffirarxsSttiS  Euy 

■y  — ■ 

AEbrisrica  ea.  «alL~/3>  TTfc<e  ct-ittrax  eEeraesSs  were  a&EEis&esS  by  caalkigg  fee  ayprajpoiace 
raefeEacaEagtess  Era  2-otre ”  ori^aaB  p—ragn->-r-«; 

By  fee  case  c£  matrix  mefeocSs,,  cafeafe  reccm  fee  inserse  ©a  fe».  ceree- 


cane  matrix  C  „ 


_ _ -1 

t  —  i. 


wiere  C  is  cteSned  by  Keg-  {17 5«  fee  esscer  sissies  in  eacia  ©5  fee  parameters 
a_  efce  to  fee  cacenaances  in  fee  basic  date.  asg3  fee  sgtaaSifiy  ©£  fee  Be  fan  be 
©osineci  fsreen^0 


<7,  -  £-- 

*i  ** 
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2V_  SSESE8SUB5  F©3  TTB£S  MESKEL  STSTEM  ©F  2$£ 


A-  *gbe  TgSffgsECia  Magaeott 

Fee  mefecd  described  in  fee  prewicas  seeticn  feas  been  apaffijed l  £© 

A 

fee  analysis  esf  fee  newr  Bisetatrae  xae«escargcaeses  ©f  g&clBarad.  and  Maser,.  "  ©f  Fteter- 

seta  and  Moseley,  and  ©a  Maaer  ani  Hollars?3  which  inglade  BeweBs  v°  =  fi-S 

t8  ~  10-  ASfeccgb  fee  Bifetame  is  fee  measured  qcant any,  it  is  fee  inverse  ©f  fee 

!i&cn«  feat  as  dares  rly  related  So  fee  band  ssj  eagfe-  Figure  1  sezsmarizes  fee 

27 

easpen-n-Baaial  measurements  cm  fee  Bafesmes  for  fee  vibrational  levels  of  fee 

Mem*  a  band  Agstem,  an  winch  fee  decay  constant  {inverse  BifenmeS  bs  plosted  as 

a  fenctaon  of  fee  vrbrasfeioal  epantem  nadar-  Also  shown  in  fee  figure  {right- 

3 

band  ©rdhnatej  is  fee  cnaaosy  IT  <3T»w®i  ^*ccacE£e  s<cc:se  icdicadco  as  to 

v09 

fee  aanatien  ©f  fee  taansatacn  moment  wife  inter-nuclear  <5 stance  can  be  obtained 
by  comparing  feis  ceanfiaty  wife  1/tr.n  -  Tha 4  is,  if  feere  were  no  wariatioo  of 
fee  sransisi&o  moment  wife  intemaadear  distance,  these  two  carves  wcdd  be 

parallel-  This  qualitative  comparison  can  be  made  more  quantitative  by  plotting 

^  3 

fee  rati©  of  1/t  «  t©  V  P  »  tt  o  s  n  ,  as  a  function  of  v',  as  has  been  done 
v  t,  v  v  *v  v 

v 

an  Fig-  2.  As  seen  fresm  fee  figure,  except  for  fee  data  of  Sbemansby  and 
EC5> 

Sroadfoot,  feis  ratio  increases  wife  increasing  vibrational  quantum  number 
(v:).  One  might  expect  that  those  data  whose  ratio  in  Fig  2  increases  wife 
mcreas.ng  v*  would  result  in  a  transition  moment  wife  a  diffe  rent  functional 
dependence  on  R  from  those  which  generally  decrease-  This  indeed  turns  out 
to  be  fee  case. 
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Fig-  1 


0  2  4  6  6 

T'fiV 

0 


Inverse  of  the  measured  natsifd  lifetimes  for  She  Mein  el  Land  system 
of  nI,  as  a  function  of  the  -vibrational  quantum  number  (v*)-  The  data 
were  taken  from:  O  -  O’Neil  and  Davidson11;  x  -  Popkie  and  Henneker' 


O  -  Shemansky  and  Broadfoot^  ^  -  Gray  el  al  •  •-  Holland  and 


Maier4;  <3  -  Maier  and  Holland5;  JS-  Peterson  and  Moseley6-  The 


J 


lower  most  curve  is  a  plot  {right-hand  coordinate)  of  £  r 

v"  v  *v  ”  *v*v 

as  a  function  of  v*- 


**  **  vv* 
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Fig-  2  The  ratio  of  the  inverse  of  measured  natural  lifetimes  to  the  quantity 
y,  f|  q  ,  <f,  as  a  function  of  v'.  The  symbols  used  for  the  data 

v..  v  V  V  V 

are  the  same  as  in  Fig-  1-  The  results  from  the  data  of  Shemansky 
and  Broadfoot^k  have  been  reduced  by  a  factor  of  two  before  plotting 


5- 


4-6 

In  the  analysis  of  the  new  lifetime  measurements,  the  data  were 

divided  into  two  groups.  The  first  group,  called  Case  I,  was  taken  to  be  the 

lifetimes  for  levels  v*  =  1-8  determined  by  Peterson  and  Moseley.^*  The  life- 

times  for  levels  v'  =  2-5  determined  by  Holland  and  Maier  are  so  close  to  the 

values  assumed  in  Case  I,  that  their  usage  in  Case  I  made  no  substantial  differ- 
28 

ence  in  the  results  obtained  for  the  parameters  The  second  group,  called 
Case  II,  was  formed  from  Case  I  by  adding  the  lifetime  for  v1  =  10  reported  by 
Maier  and  Holland."*  Cases  I  and  II  were  analyzed  assuming  both  a  linear  (two 
parameter)  and  a  quadratic  (three  parameter)  dependence  of  the  transition 
moment  on  internuclear  distance  [Eq.  (13)3  •  The  linear  dependence  was 
concluded  to  be  superior  to  the  quadratic  form  for  both  cases  on  the  basis 
of  a  combined  statistical  and  physical  argument.  The  statistical  basis  is 
that  both  the  chi-square  and  the  "F"  test  indicate  that  the  linear  depend¬ 
ence  is  better  than  the  quadratic.  That  is,  the  chi-square  value  was  smallest 
for  the  linear  form,  and  the  "F"  test  indicates  that  termination  of  the  expan¬ 
sion  [Eq.  (13)3  at  ^e  linear  term  has  a  probability  of  about  65%  of  being 

2  V*  + 

correct.  The  physical  reason  is  based  on  the  fact  that  both  the  X  ^ 

2 

and  A  77  states  dissociate  into  the  same  atomic  states  and  therefore 


u 

the  transition  moment  must  vani sh  at  sufficiently  large  internuclear  distance. 
The  linear  dependence  monotonically  decreases  over  this  range  of  R-vaiues, 
but  the  quadratic  form  has  a  minimum  near  the  center  of  this  range  and  then 
begins  to  increase  at  the  larger  R-values.  These  two  considerations  clearly 
indicate  that  the  linear  form  for  the  transition  moment  is  the  better  representa¬ 
tion  of  the  true  moment  over  this  internuclear  range. 
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The  parameters  determined  for  the  linear  transition  moment  for  both 
Case  I  and  Case  II  are  given  in  Table  I  along  with  their  standard  deviation 
uncertainties.  These  parameters  were  determined  using  the  uncertainties  in  the 
lifetime  reported  for  each  vibrational  level  (converted  into  an  uncertainty  in 
the  decay  constant)  as  the  weights  in  Eq.  (16)'. 


Table  I 

Optimum  Parameters  in  Eq  (13)  Determined  From  Case  I  and  II  Data 


aQ  (Debye)^ 

a^  (Debye  A  *)  1" 

Case  I  [v'  =  1-8  (Ref.  6)] 

2.412  *  .0417 

-0.9912  ±.0383 

Case  II  [v1  =  1-8  (Ref.  6), 

2.675  ±  .0365 

-  1.231  ± .0336 

v *  *  10  (Ref.  5)] 

.  -18 
T  1  Debye  =  10  cgsesu 


The  transition  moment  for  Cases  I  and  II  is  shown  in  Fig.  3  as  the 
heavy  solid  lines.  The  shaded  region  around  the  solid  line  for  Case  I  indicates 
the  uncertainty  in  the  transition  moment  due  to  the  one  standard  deviation 
uncertainty  in  the  parameters  (Table  I).  The  uncertainty  range  in  the  transi¬ 
tion  moment  for  Case  II  is  similar  to  that  for  Case  I,  but  has  been  omitted 
from  the  figure  for  clarity.  The  dashed  curve  labeled  PH(T)  is  the  theoretical 
dipole-length  transition  moment  calculated  by  Popkie  and  Henneker  using 
Hartree-Fock  wave  functions.  The  shape  of  the  theoretical  curve  is  very 
similar  to  that  for  the  present  results,  but  it  is  a  factor  of  about  2.4  smaller 
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Fig-  3  Dipole-length  transition  moment  (Debye)  for  the  Meinel  band  system 

A  O 

of  as  a  function  of  the  intcrnudear  distance  (A)  -  The  two  param¬ 
eter  results  obtained  for  the  Case  I  and  Case  II  data  sets  are  the  solid 
lines-  The  shaded  region  around  the  Case  I  line  denotes  the  uncertainty 
in  the  transition  moment  due  to  one  standard  deviation  uncertainties  in 
the  parameters.  The  curve  labeled  PH(E)  is  the  dipole-length  result 

*7 

obtained  by  Popkie  and  Henneker  from  earlier  data.  The  curve 
labeled  PH(T)  is  the  theoretical  dipole-length  moment  calculated  by 

■7 

Popkie  and  Henneker  using  Hartree-Fock  wave  functions. 
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in  magnitude-  The  curve  labeled  555(E)  is  the  "experimental"  transition 

7 

moment  obtained  by  Popkie  and  Henaeker  by  using  fee  relative  intensities  for 

13 

fee  Meinel  system  obtained  by  Stanton  and  St-  John  in  a  laboratory  electron 
impact  excitation  experiment,  and  fee  preliminary  lifetime  measurements  for 
levels  v'  -  3-5  by  Hollstein  et  al-  for  absolute  normalization-  This  transi¬ 
tion  moment  was  limited  to  R-values  less  than  about  1-1  A  because  there  were 
not  sufficient  experimental  data  available  at  that  time  to  allow  determination 
of  fee  transition  moment  at  larger  R.  There  does  not  appear  to  have  been 
any  other  experimental  or  theoretical  determination  of  the  intemuclear  depend¬ 
ence  of  the  transition  moment. 

If  the  transition  moment  depends  1*  nearly  on  R,  then  the  band  strength 
can  be  written,  without  approximation,  in  terms  of  the  Franck-Condon  factor 
limes  a  function  of  the  r-centroid  only-  That  is,  Eq-  (14)  can,  in  this  case, 
be  rewritten  as 


^  f  (  ig  *  ^ 

S  ,  ,  -  <v  1  v  > 
n  v 


2 


a  t  a. 
o  1 


<v'|R|  v'*> 
<v'|v"> 


q  i  ii  R  i  (r  i  i,) 
w  v  el  v  v 


(23) 


2 

The  quantity  is  sometimes  called  the  electronic  band  strength  although 

2 

that  term  is  misleading  since  any  dependence  of  R^  on  the  r-centroid  repre¬ 
sents  a  coupling  between  the  vibrational  and  electronic  motions-  Except  for 

7 

the  v/ork  done  by  Popkie  and  Henneker,  the  previous  analyses  of  experimental 

Meinel  band  intensity  data  have  all  utilized  the  r-centroid  approximation,  so 

the  present  results  need  to  be  written  in  that  form  [Eq.  (23)3  for  purposes  of 

2 

comparison.  Figure  4  compares  the  present  results  for  R^,  as  a  function  of 
the  r-centroid,  with  the  previous  determinations.  The  heavy  solid  lines  repre- 
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The  "electronic"  portion  of  the  band  strength,  R^j  in  Debye,  as  a 

© 

function  of  the.r-centroid  (A)|  The  solid  curves  are  the  two  parameter 
results  for  the'Case  I  and  Case  II  data  sets  and  the  shaded  region  is 
the  uncertainty  due  to  one  standard  deviation  jmcertainties  in  the 
parameters.  The  curve's  labeled  N,  F,  KKGF  and  SB  are,  respectively 
Nicholls,  *^a  Fedorova,  ^  Koppe  et  al-^a  and  Shemansk^r  and  Broad- 
foot^^.  The  short  vertical  lines  at  the  bottom  of  the  figure  are  the 
minimum,and  maximum  values  in  the  range  of  the  r-centroid  for  fixed 
v*.  See  text  for  discussion  01  these  results. 


sestt  the  tw©  parameter  resedas  cfecaitaed  for  Case  S  auseS  Case  IS  dfe&a  as  BafeeleeS 

amoS  cfee  sfeaded  rregasa  aromad  cfee  Case  S  Bine  represents  Elbe  ©me  standard  eSevsa- 

2 

does  cacerttaasSy  In  dbe  to  a  cms  standard  devIanlaKa  cacertaaety  In  fibe  param¬ 
eters  a^  and  a^-  Ifee  dashed  curve  labeled  S3  Is  rBae  reseda  obtained  recestly 
fey  Ssemansfey  and  Brcg.d5g*st.s^  eslng  relative  Ictessatles  ©f  the  MdneS  bands 
excited  by  electro©  Impact  In  a  laboratory  eap*  rlmeet.  They  foend  la  neces¬ 
sary  fi©  normalize  tfe&Ir  resedas  8©  the  lifetimes  desermiraed  by  ©"Nell  and 
11 

Bfeddson  for  levels  vB  —  0-2  rather  gbjam  the  more  recent  beam  experiment 

12 

resedas  of  Hollsteln  et  al-  In  order  a©  Inscare  «rgi-  their  exclEat ion  cross  seesron 

for  Efes  bSemel  band  system  dd  noa  exceed  Elbe  total  electron-impact  Ionization 

cross  section  for  Their  afeen  clearly  represents  an  upper  limit  to 

tie  Erne  value-  Htwveve r,  It  also  demonstrates  an  Incorrect  dependence 

2 

on  tie  r-centrold.  isal  Is.  increases  ^sdth  Increasing  r-centroid  wide 

tie  present  results  decrease  as  they  should  according  the  physical 

argument  stated  above.  Tie  curves  labeled  1*2  and  F  are  results  obtained  from 

die  analysis  of  auroral  relative  Intensifies  by  KIcholls  and  Fedorova,  " 

respectively,  and  have  been  normalized  to  the  present  result  at  the  r -centroid 

corresponding  to  the  (2,  0)  oand.  The  curve  labeled  KKGF  is  the  laboratory 

result  obtained  by  Koppe  etal. "  from  relative  intensities  of  the  Meinel  bands 

excited  by  electron  impact  in  file  laboratory-  This  result  has  also  been 

2 

normalized  to  the  present  result  at  die  (2,  0)  band.  The  R^  obtained  in  these 
three  determinations  all  increase  with  increasing  r-centroid  rather  than 
decrease  as  in  the  present  results-  The  short  vertical  lines  at  the  bottom  of 
‘Fig.  4  represent  the  minimum  (at  the  left)  and  maximum  (at  the  right)  values 
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cff  fee  r-<r®si5sc5cc3  far-  «k£sB>  v"  asrS  fee  ras<ir£r2aa®ss  off  tflas  Sxfsssaatsffin  vor3!ll  B>e 


dSsceusastfl  ins  fee:  te&xS.  ssctfiacsu 

Sses«  estSmates  ©a  fee  (grsgcisy  E?-  Bawe  abs®  B-«n«a  <BBttesg*ttfi^  tassrcg 

"  tcii 

absoBaC©  BSKasasy  gaffasraweaseaes  cS  fee  roear  infrared  emBssreras  prwdbared  By 

3,T5a 

sEastrfk  wawe  fer«qg&s  32^  asl  aar.  Krtcpriyasaara.  eta  aS-  fiBSadmwS  an  esecaatse 

2 

off  fee  average  waSce  off  fcr  essassiicns  ha  fee  waveSergfe  regii«is  ©-9-H-H  i^ua 
«» 

wfeaefe  agrees  fairiy  well  wife  aa  c^cer  Mnats.  estimate  By  XEiarrsEerr-  Kawarever 
feese  estimates  are  sameafeaE.  more  fe*-'  a  factor  ©ff  etoo  larger  fears  fee  pres¬ 
ets:  residfis- 


•3-  Tran5iticn  PrcbabiliEies  aad  Oscillator  Stseggfe*; 

Once  fee  gransasiaaa  mcment  has  been  determined,  it  is  straight¬ 
forward  to  calculate  fee  band  sttrergfes,  SransatScn  probabilities  and  oscillator 
ssrergfes  for  fee  Meins!  band  system  ©£  32^-  Tne  transition  moment  deter¬ 
mined  by  easing  fee  Case  H  daaa  was  eased  to  generate  these  quantities 
which  are  tabulated  in  fee  form  ©f  a  matrix  in  Table  H-  Tfee  rows  off  feis 
matrix  are  vfl  and  fee  columns  axe  v'a-  Each  "element”  of  feis  matrix  is  com¬ 
posed  of  feree  numbers-  The  uppermost  is  fee  band  oscillator  strength,  fee 
middle  one  is  fee  band  transition  probability,  and  fee  lowermost  is  fee  band 
origin  wavelength  in  angstroms-  The  two  columns  at  fee  far  right  are,  from 
left  to  right,  the  experimental  lifetimes  and  those  calculated  from  fee  tabu¬ 
lated  transition  probabilities.  These  results  axe  significantly  different  from 
previously  tabulated  results,  nQt  onjy  absolute  magnitude,  but  also 

in  relative  magnitude  for  different  (v*,  v")  pairs-  The  results  obtained  using 
the  transition  moment  from  fee  Case  I  data  differ  only  very  slightly  from  those 
tabulated  here- 
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Table  II,  t 

Transition  Probabilities,  Oscillator  Strengths, ami  Band  Origin  Wavelengths 
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l,  »  \»  fe»  h  to*1  *  Kill  v  l»»  *  l»M,  1UI*  \  lv* » 13) 


T&esrsaxEmeasm  aarfi  sssaassasa  rasgje  eS  cE be  r-eemffiwak S  fear  SsassB  w*  s8*swaa 
iscffir  t&e  Bascasga  aS  FEjg-  -3  Itadis  tss  tfcc  fe£Ssw5sg;  tcsefufi  sesafltt-  TEhe  samge  cff 
dbe  r-<r«m£rtsji(£  uassatStfta  fisc  Easdb  vB=:©  aarrS  r'-'Jss  csmasaasS  w£t££m  t&e 
carries  for  t&e  <K&er  w^SeoncBs  for  wfi£cfe  dht  Eie&mcs  tone  &©em  rmeasmaecS-  As 
a.  cctssa^xararsv,  tfia  <fe&errm:sas3  tSas  w"  Eeoitfo  !-S  am3  E2>„  «5f«&  ts  am 
amaiytric  fitmctStna  «s-S  dhe  rr-ccemsrrsciS,,  cam  Etc  rrr.*agrsa?l3.ng^  6©  pcxsxwSe  reassna&By 
acctcraoe  vaBcaes  for  dfas  csamsatacta  pstcSsaSaBitSes  amS  cscSlaEsr  scrsmgtSss  fear 
EzassaESoms  fecca  =  O  an3  9-  “Hsese  EiriierpsSaEsd  -galfoaes  are  sibe  ©res  s&ffima 
Em  TaSSe  M  amei  sfo&srfld  foe  as  accerase  as  cSie  ecsrEes  EssnsEsEasg  Elbe  edber  -oe®- 
Iew3s_  Scare  tie  EramsaESesm  prefearoESsEes  oormecEarg  EexeSs  -u?"  =  <S  Y~i  9  -Mach 
all  Ikower  V”-Eere3s  are  Erey  cam  be  srrat «S  c©  prorasSe  reasocaMy 

acceraoe  lafe-t&mes  for  levels  w"  =  0  as3  9.  ansi  Ere  resrlEirg  •oaBmes  are  ^rca 
in  Erie  rigrn-barjd  coikssam  £n  Tarce  EL  Tibese  are  esefol  resalEs  fcecarase  Ere 
wareleagEn  regiea  e>5  Ere  SLsaorescen  processes  ekjct  «•"  =  ©  are  in  fee  eapera- 
meraalSy  cUHccSel  rear  Enffrared  region. 
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2.  gaB  A.  VsESSsgget  -Hemes,  Sjame  Sraegune  S^sracWis  IB,  776  P97BB.  {£?$ 

A.  VaBBsaoe  .Hemes  ard  SL  X.  tfasssasger,  "SadKerud  Specflrccra  cff  Accanmca,  m 
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PIe&SL  Cm.  .  iSbm&nec&a -BoHSagd  gB97BB,  gnga  BT6-BS5.  ficj  BL.  X.  Csasirtger 
A.  ValBartoe  Jfemes,  “'Bias:  Emesssisy  Sashes  tsS  AsrrmraB  SrarssSssa 
Ireasrmes,  w  snsesassCed  sea  sSae  XVcb  General!  AssecahHy  <sd  alas  HUGE, 

M&fce’U?  g&972])s  Ana.  Gtese&ys.  gl©  2»e  ffgSSssfas^t.  gsj  A.  ''S’-  BanTsscm, 

Caa.  X  Pbxs.  47,  595  «S*69)-  gc}£b5d_,  50,  500  (19725- 

3.  A.  Cteboih,  X  Asroas.  Terr.  Pfoys.  1©,  320  (B957). 

4.  H_  F.  Bollard  sad  W_  3.  Maser,  S,  X  Cbera.  Ffeys.  55,  5229  (5972). 

5-  W.  3.  Maser  H  and  3_  F.  Bollard,  Bell-  Aa  Pfcys.  Sac.  17,  695 

{GE8)  (1922). 

6.  X  R.  Peterson  and  X  T.  Moseley,  J-  Cbesa-  Pays.  ,  fl9*  1- 

7.  H.  S.  Pop&ie  and  W.  B.  Bennelber,  X  Cbera.  F5ays.  55,  617  (1971). 

5.  (a)  Tihe  band  strength  contains  botb  the  electronic  and  tfoe  nuclear 
vibrational  contributions,  but  not  *bt»  rotational  factors.  See  J.  3.  latum, 
Ap.  X  Supp.  14,  21  (*967).  (b)  The  transition  moment  is  used  bere  to 
denote  the  electronic  contribution  only,  which  in  general  depends  on  the 
intemuclear  distance.  See  £qs.  7  and  9  of  Reference  #,  and  Reference  8a- 
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9.  3L  W.  ®Sxfiff£2s;.  X  -Stos^.  T«srr-  PSs^  B2.  2BB  gA*K^  (N) 

3S-  X  F"es3ssffs»ffi,,  Jasgffisa  aaxd  AaggBwo?  frg£L  EsyU?..  B_  BSra^swsEfej^ 

3&Y  Pnrgraao,  S«rs£^m  237.  38a.  1®.  3S5SA  TF  F-2S4  gu  25*2- 

SCI  F-  X.  BSa^gic.  A.  CL  BSsnsS,  F-  F-  Grfllsysa*  sacB  Xb-  &S-  PsggfcB*. 

CtetL.  %*scscnac,  24.  44<S  (&J)  B,  EL  znS 

A.  2U.  Ss®s*£5sc5Cm  X  ®K2afl-  Sannirassc,  SSadStg-  'BgansSfcg-.  BB.  1355 

8B®?bSl 

SB-  3_  O’SfeHB.  asr3  CL  SJbtTndsffica.  S5-S,  Air  Force  CssSsrc^e  S&serairca 
Xcbc&raaornes  Begaora  >Kb,  AFCSX-67-CE77.  gl^SSJL 
!2_  M_  EMSssera,  D_  C_  Xageggs.  X  3_  PeCersoia  23(3  X  Sl  Sheg&daa. 

Can.  X  Cbtn  47,  BS53  (1959)- 

13-  P_  KL  Siameses  and  3_  M.  St-  Yofena,  X  Otaft,  Son.  Asa-  59.  252  (19593- 

14-  W-  EL  Hetsaariaeg  and  EL  EL  Pocfcae,  X  CEacsa,  Ffcys-  55.  1763  (1971)- 

15-  A_  Sdb2dee,  X  Ckg.m.  Spedircsc-  BLsdsat-  Transfer  7,  169  (1967)- 

26-  A,  S dbadee.  Astrocu  and  Asarccstbys,  14,  401  (1971). 

17,  fa)  The  atomic  unit  for  energy  is  8 he  Hartree  (27-21165  eV)  and  that 

■«>  ^ 

for  the  line  slrergih  is  (ea0)r  =  6.461695  X  10”  cgsesa  =  6.460595 
2 

Debye  -  (b)  Hie  constants  used  here  are  from  3,  IE  Taylor, 

W.  H.  Parker  and  D-  N.  Langenberg,  Hevs-  Mod,  Pbys-  41,  375  (1969)- 
18-  See  R.  ¥.  Nick  oils  and  A.  X,  Stewart,  Atomic  and  Molecular  Processes 
(ed.  by  D.  R.  Bates,  Academic  Press,  New  York  (1962)  p.  47,  and 
references  therein. 
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(E»l  X  ©ffis&e  aatfi  H.  W.  Cfogsa.  PBys.  Xtsresis  3,  457  09S/J8 

(B*B  X  CL  2tfit€^31hig>,  1BL  13-  Jfeggasgs  ssaxS  33.  W-  jSGaihsJIBs,  Sftetftt&siscotsoc 

&£&ssu  2fc.  B,  C£L£Ss>.  T®sfe  Ehwersiay,  Tewsecffl  Mgg-cfo  B970L 

IbB  X.  C„  Jassa&s-  X  &£s2L  Spectry  2®,  77  f  1*266$.  (&}  B.  CL  Jana 
IX  C.  SsSrst,  X  SSsastL  Spzeesxssc,  Bas&zbz.  TggmsSgg  H.  475  P9S7JjL 
felP.  E.  EsranssSe  aiai  W_  JSsmesdh,  X  Ke«.  Bfea.  Scar-  gr«*K  72A» 

495  fifl9£S)L.  $-)  B.  C_  Jasna  and  BL  CL  SaSaa,  TTraflas.  Psatraday  Sc<c_  &H5. 
(B9623.  {<c|  53_  KSensifeS*  PfeysSca  BSiss^L-e^pca  5-  B23  H97B)_ 

S*-  3-  Sdswiagjreta,  Bata  HaaSagrJgq  gad  Earner  AasBysas  ffggr  crag  fffeysTvrel 
Srscanes.  (McGnaw  Sail  Bock  Co.  ,  New  York  gB9£9).  p_  2©§. 

EsadL  .  p.  232. 

T_  3_  McCalia,  Isarccbcsma  gp  Bfesaer£caB  Mesi aods  sad  Fortran 
Prcggagssaggg.  gJcfcn  ^ffsley  and  Sosas,  lac.  ,  B967|,  p.  255- 
a_  KL  Zaire,  X  Cbena.  Pbys.  40.  1934  gS954);  UniversiEay  of  California 
Hadiaaion  laboratory  Kepart  5So.  10925.  (1953}. 

D.  AlnrrJJon.  A,  Schaeelsakopf  and  H.  35.  Zare,  PfaSossaic  intensity 
Factors  (Harper  and  How,  35erw  York,  So  be  isn^lisibed). 

Kef.  21,  p.  153. 

(a)  D.  Gray.  J-  X.  Morack  and  T.  D.  Kobe  ns.  Physics  Leilers  37 A, 

25  (1971).  (b)  References  4-7,  10b,  11. 

By  using  the  Holland  and  Mazer  lifetimes  for  v*  =  2-5,  the  leading 
coefficient  changed  by  less  than  65®  and  the  transition  moment  was  within 
the  uncertainly  range  shown  in  Pig.  3- 


29-  Eel.  21,  pu  195 

3®-  0}  EL  Wgrs&er,  X  Caesa-  Ffcys;-  35,  2111  09521:  X  Qbang.  Sgeesrfisc. 

.BarfSag-  Tcassifar  3,  355  095*3 J.  0*)  Te_  B-  Krtspriyaacva, 

17_  SSL  KoBesaSa&r,  SSL  SSL  Ss&oSew,  X  Qgggfl.  Specfircsc-  BaaSiag-  Transfer 
9.  1CE5  09591-  As  English*  arassslasi©®  csf  sEais  paper  is  go  lacker  available 
f&rena  Ftergamao  Tgaasfagsoa  Service  beg  erne  cans  be  cbsainedl  £r©aa  Bfee 
preseett  anflEnaar  by  reoresa. 
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